nature neurOSCIenCe a r t I C l e S The exquisite ability of the neocortex to perform complex functions depends on dense interconnections between functionally related cortical areas. The superficial layers of cortex, often referred to as the associative layers, are a major target of these projections 1 . In the whisker-related somatosensorimotor system of rodents, the S1 and vM1 cortices are heavily interconnected [2] [3] [4] [5] . These reciprocal connections between vM1 and S1 are thought to be important for sensorimotor integration and active sensing, contributing to the precise execution of motor tasks [6] [7] [8] .
a r t I C l e S
The exquisite ability of the neocortex to perform complex functions depends on dense interconnections between functionally related cortical areas. The superficial layers of cortex, often referred to as the associative layers, are a major target of these projections 1 . In the whisker-related somatosensorimotor system of rodents, the S1 and vM1 cortices are heavily interconnected [2] [3] [4] [5] . These reciprocal connections between vM1 and S1 are thought to be important for sensorimotor integration and active sensing, contributing to the precise execution of motor tasks [6] [7] [8] .
The axons of vM1 pyramidal neurons branch off in infragranular layers of S1, avoid the granular layer and extensively ramify in superficial layers 5 . These cortico-cortical interconnections in superficial layers are likely to be crucial for context-dependent sensory processing and sensorimotor integration 7, 9, 10 .
However, an understanding of the circuit mechanisms by which motor activity in vM1 modulates sensory processing is currently lacking. In particular, the vM1 projections to GABAergic interneurons and the relative weight of these inputs as compared with those onto principal cells have not been reported 11, 12 . Given the large diversity of interneurons and their role in the precise spatiotemporal control of excitatory outputs and cortical network dynamics, determining the afferent connectivity of vM1 onto S1 interneurons is critical for understanding how vM1 modulates S1 activity. Tantalizing support for this notion comes from studies demonstrating that the activity of distinct types of interneurons is differentially correlated with whisking behavior 13, 14 .
We previously found that interneurons expressing the ionotropic serotonin 5HT3a receptor (5HT3aR), together with parvalbumin (PV)-expressing and somatostatin (SST)-expressing neurons, can account for most, if not all, cortical GABAergic interneurons in S1. We also found that the 5HT3aR interneuron population is the largest group of GABAergic cells in the superficial layers of S1 (refs. 15,16) . Although all 5HT3aR interneurons are uniformly modulated by serotonin and acetylcholine via ionotropic receptors and share the same developmental origin, the caudal ganglionic eminence, this population is heterogeneous. For example, it includes the neurogliaform interneurons [17] [18] [19] and the VIP-expressing interneurons 19, 20 . The preponderance of 5HT3aR interneurons and the dense arborization of vM1 axons in S1 superficial layers suggest that 5HT3aR interneurons may be important for vM1 modulation of S1.
We examined the long-range inputs from vM1 to the various neuronal elements of S1 and found that S1-projecting vM1 pyramidal neurons strongly recruited VIP interneurons, one of the subtypes of 5HT3aR interneurons in S1 superficial layers, and, in turn, that VIP interneurons preferentially inhibited SST cells, GABAergic interneurons that target the distal dendrites of pyramidal cells. The existence of this circuit is supported by the observation that in vivo VIP interneurons were strongly and specifically activated during whisking, whereas SST interneuron activity was suppressed. Furthermore, inactivation of vM1 diminished these changes in VIP and SST interneuron activity during whisking, suggesting a causal link between vM1 activity and the effect of whisking on VIP and SST interneurons in S1 superficial layers. Taken together, our results describe previously unknown circuitry by which inputs from motor cortex influence activity in somatosensory cortex.
RESULTS 5HT3aR neurons in S1 receive strong excitatory input from vM1
To manipulate the activity of excitatory afferents from the vibrissal region of primary motor cortex (vM1), we expressed the lightsensitive cation channel channelrhodopsin 2 (ChR2) in vM1 of Emx1-cre mice using viral injection 21 . Emx1 is a pan-marker of a r t I C l e S pyramidal neurons of the cerebral cortex and hippocampus 21 . Adenoassociated virus (AAV) directed the expression of ChR2 following Cre-mediated recombination 22 . ChR2 was specifically expressed in pyramidal neurons throughout the cortical layers of vM1 (Fig. 1) . Photo-stimulation reliably elicited spikes from ChR2-expressing pyramidal neurons in vM1 with short latency ( Supplementary  Fig. 1 ). In S1, we observed ChR2-expressing vM1 axons in infragranular and supragranular layers and an especially dense arborization in layer 1 (Fig. 1a) , consistent with previous studies 5 . However, axonal density and the anatomical superposition of axons and dendrites does not necessarily indicate the strength of synaptic connections 11, 23 .
To investigate the vM1 inputs onto the different cellular elements of S1 superficial layers, we used whole-cell recording to measure the postsynaptic responses evoked by photo-stimulation of ChR2-expressing vM1 axons. To target most interneuron subtypes, we used three lines of transgenic mice expressing GFP-labeled PV interneurons (B13), SST interneurons (GIN) and 5HT3aR interneurons (5HT3a eGFP ) 15, 24, 25 . Together, 5HT3aR-, PV-and SST-expressing interneurons include close to 100% of supragranular interneurons 15, 16 . Thus, recording synaptic weights of vM1 inputs to these three types of interneurons and to pyramidal cells allowed us to characterize the vM1 connections to all known cellular elements of the S1 superficial layers. We crossed these mouse lines with Emx1-cre mice to express ChR2 specifically in vM1 pyramidal neurons and simultaneously identify specific types of interneurons in S1. To control for the variability in the level of ChR2-expression in vM1 pyramidal neurons in different brain slices, we simultaneously recorded from an identified interneuron and a nearby pyramidal neuron (Fig. 1b) . We normalized the photo-stimulation-evoked response in a given interneuron type to the response in the pyramidal neuron (Fig. 1b) .
We found that vM1 axons provided similar excitatory inputs to fastspiking interneurons and pyramidal neurons in S1. Photo-stimulation of vM1 axons evoked excitatory postsynaptic currents (EPSCs) of equivalent amplitudes in a representative fast-spiking interneuron and pyramidal neuron (fast spiking, −75.69 ± 3.03 pA; pyramidal, −81.07 ± 2.97 pA; P = 0.1, Mann-Whitney U test; Fig. 1c) . Similarly, currentclamp recordings revealed that the excitatory postsynaptic potentials (EPSPs) evoked by photo-stimulation were of similar amplitude in these two types of neuron (fast spiking, 5.22 ± 0.51 mV; pyramidal, 6.01 ± 0.64 mV, P = 0.18, Mann-Whitney U test; Fig. 1c ). Population data indicated that vM1 provided a similar degree of excitatory inputs onto fast-spiking and pyramidal neurons in S1 superficial layers (fast spiking to pyramidal ratio, mean = 0.97 ± 0.76, median = 0.38, P = 0.08, Wilcoxon signed-rank test; Fig. 1f,g ). We also observed a similar degree of synaptic depression resulting from paired-pulse photostimulation (5 Hz) in both fast-spiking and pyramidal neurons (pairedpulse ratio: fast spiking, 0.90 ± 0.17; pyramidal, 0.95 ± 0.10).
We found that vM1 axons provided substantially stronger inputs to 5HT3aR interneurons. Photo-stimulation-evoked EPSCs were significantly larger in a 5HT3aR interneuron than in a pyramidal neuron (5HT3aR, −523.61 ± 7.01; pyramidal, −80.53 ± 12.42 pA; P < 0.001, Mann-Whitney U test; Fig. 1d ). Under current-clamp mode, Figure 1 Long-range excitatory inputs from vM1 to different types of neurons in the superficial layers of S1. (a) Expression of ChR2-mCherry in vM1 pyramidal neurons. Left, expression of ChR2 in vM1 after injection of AAV-DIO-ChR2-mCherry to vM1 in Emx1-cre mice. Scale bar represents 500 µm. Right, axons of vM1 pyramidal neurons innervating S1 expressed ChR2-mCherry. Scale bar represents 100 µm. Note the strong expression of ChR2-mCherry in layers 1 and 2 in S1 (blue, DAPI a r t I C l e S photo-stimulation reliably elicited spikes from the 5HT3aR interneuron, yet the same stimulation evoked only subthreshold depolarization in the nearby pyramidal neuron (5HT3aR, 21.67 ± 0.11 mV; pyramidal, 5.52 ± 0.47 mV; P < 0.001, Mann-Whitney U test; Fig. 1d,f) . Significantly larger excitatory inputs to 5HT3aR interneurons were consistently found across the population. On average, 5HT3aR interneurons received vM1 inputs that were more than twice as large as those received by pyramidal neurons (5HT3aR to pyramidal ratio, 2.33 ± 1.02, P < 0.001, Wilcoxon signed-rank test; Fig. 1f) . The observed differences in the responses to vM1 inputs between 5HT3aR interneurons and other types of neurons were even greater when recorded under current clamp (Fig. 1g) . Excitatory inputs from vM1 led to spiking activity in 30% of 5HT3aR interneurons (7 of 21 5HT3aR interneurons), yet we did not observe EPSP in other types of neurons reaching spike threshold in response to the same photo-stimulation. 5HT3aR interneurons had significantly higher resting membrane potentials and membrane input resistance (Supplementary Fig. 2 ). These factors, in addition to stronger vM1 inputs, are likely responsible for the larger membrane depolarization in 5HT3aR interneurons. Paired-pulse stimulation resulted in synaptic depression in the 5HT3aR interneurons (paired-pulse ratio, 0.90 ± 0.17), similar to that observed in fast-spiking interneurons and pyramidal cells.
We found that SST interneurons received the weakest input from vM1. In a representative SST interneuron, photo-stimulation elicited very small EPSCs, followed by a pronounced inhibitory postsynaptic current (IPSC; Fig. 1e ). In contrast, the same photo-stimulation evoked substantially larger EPSCs in a neighboring pyramidal neuron (SST, −15.20 ± 2.00 pA; pyramidal, −137.89 ± 9.03 pA; P < 0.001, Mann-Whitney U test; Fig. 1e ). We did not detect IPSCs in the pyramidal neuron. Under current-clamp mode, activation of vM1 inputs hyperpolarized the SST interneuron, but depolarized the nearby pyramidal neuron (SST, −1.31 ± 0.63 mV; pyramidal, 4.77 ± 0.27 mV; P < 0.001, Mann-Whitney U test; Fig. 1e ). On average, photo-stimulation-evoked ESPCs in SST interneurons were significantly smaller than in pyramidal neurons (SST to pyramidal ratio, 0.12 ± 0.10, P < 0.001, Wilcoxon signed-rank test; Fig. 1f ). Of 13 SST interneurons, we recorded reliable IPSCs following EPSCs from four SST interneurons, detected only small EPSCs in another four interneurons and failed to detect a response in the rest of the SST interneurons (n = 5), despite clear responses in the nearby pyramidal neuron. Other than SST interneurons, we observed sequences of EPSCs and IPSCs in only 2 of 51 pyramidal neurons. The fact that IPSCs always followed EPSCs strongly suggests that the IPSCs are triggered in a feedforward fashion by the same population of excitatory axons, that is, by the vM1 excitation of GABAergic interneurons in S1.
In contrast with all of the other cell types examined, SST interneurons showed facilitation to paired-pulse stimulation delivered at 5 Hz (paired-pulse ratio, 2.35 ± 1.11, P = 0.03, Wilcoxon signedrank test). Facilitation became more notable in response to repetitive photo-stimulation (ten pulses) delivered at 40 Hz. Despite this, the vM1 input from to SST interneurons remained smaller than the input onto the pyramidal cell ( Supplementary Fig. 3 ). We did not find differences in the latencies of the excitatory photostimulation evoked responses among the four groups of neurons ( Supplementary Fig. 4a ).
Together, these data indicate that the excitatory projection from vM1 most strongly recruits 5HT3aR interneurons compared with pyramidal cells or other interneurons. In contrast, vM1 provides minimal input to SST interneurons.
vM1 inputs most strongly drive VIP 5HT3aR neurons Our data on the M1-to-S1 circuit suggest that that, among neurons in the superficial layers of S1 (that is, pyramidal neurons, and fast-spiking, SST and 5HT3aR interneurons), vM1 provides the strongest excitatory inputs to 5HT3aR interneurons. Although stimulation-evoked EPSCs of 5HT3aR interneurons were, on average, larger than those of other neuronal types, the range of normalized EPSCs in this class had a broad distribution (Fig. 1f) . Thus, we asked whether the strength of vM1 input correlates with the specific subtype of 5HT3aR interneurons. 5HT3aR interneurons can be classified into two subgroups based on the expression of the npg a r t I C l e S neuropeptide VIP 15, 16, 19 . VIP-positive interneurons account for up to 40% of the 5HT3aR interneuron population. The most frequently observed VIP interneurons are the bipolar or bitufted neurons with an irregular-spiking firing pattern. Many VIP-negative 5HT3aR interneurons are reelin-positive, somatostatin-negative neurons with a late-spiking firing pattern and neurogliaform morphology 15, 16, 19 . We identified VIP and non-VIP interneurons on the basis of their firing patterns, as described in our previous studies 15, 19 . We found that, of the 5HT3aR population, VIP interneurons received significantly stronger inputs from vM1 compared with nearby pyramidal neurons (VIP to pyramidal ratio = 2.88 ± 1.12, P < 0.001, Wilcoxon signed-rank test; Fig. 2 ). However, we found that EPSCs recorded from non-VIP 5HT3aR interneurons were similar to those recorded from pyramidal neurons (non-VIP to pyramidal ratio = 1.35 ± 0.45; P = 0.51, Wilcoxon signed-rank test; Fig. 2 ). Given the dense arborizations of vM1 afferent axons in layer 1, we also examined whether the vM1 inputs to 5HT3aR interneurons were related to their laminar locations. Despite dense vM1 axons in layer 1, we did not find a relationship between the depth of 5HT3aR interneurons and responses to photo-stimulation (linear correlation: non-VIP, r 2 = 0.078; VIP, r 2 = 0.001; Fig. 2h ). Our previous immunostaining data 15, 19 and the visualization of VIP interneurons in a Vip-cre mouse crossed with a tdTomatoreporter line indicate that the somata of VIP interneurons are rarely observed in layer 1 and start to appear at the border between layer 1 and 2 ( Supplementary Fig. 5 ). Although there were no somata of VIP interneurons in L1, their dendrites extended fully into L1 (Supplementary Fig. 5 ). Together, our results suggest that, of the 5HT3aR interneurons, VIP interneurons are most strongly excited by vM1 inputs.
We next compared local and long-range excitatory inputs (from vM1) to VIP interneurons. We simultaneously recorded EPSPs from pyramidal cells and either fast-spiking interneurons (Pvalb-cre; tdTomato) or VIP interneurons (Vip-cre; tdTomato) evoked by local electrical stimulation in layer 2/3 ( Supplementary Fig. 6 ). We found that, on average, local electrical stimulation depolarized VIP interneurons about 40% less than pyramidal neurons (VIP to pyramidal ratio = 0.61 ± 0.12; P = 0.02, Wilcoxon signed-rank test; Supplementary Fig. 6 ). In contrast, local stimulation depolarized fast-spiking interneurons five times more strongly than pyramidal neurons (fast spiking to pyramidal ratio = 4.97 ± 0.64; P = 0.02, Wilcoxon signed-rank test; Supplementary Fig. 6 ) 26 . These results, together with the observed responses to the long-range inputs from vM1, provide evidence that local-and long-range excitatory inputs differentially recruit distinct types of GABAergic interneurons. Long-range vM1 excitatory inputs preferentially recruit VIP interneurons, whereas local excitatory inputs strongly recruit fast-spiking interneurons in S1 superficial layers.
VIP interneurons preferentially inhibit SST interneurons
To understand how the strong recruitment of VIP interneurons by vM1 inputs affects the S1 network, we examined the functional output connectivity of VIP interneurons in S1. Anatomical studies have suggested that VIP interneurons preferentially target other types of interneurons 27, 28 . To examine the functional connectivity of VIP interneurons, we recorded from pyramidal neurons, fastspiking interneurons and SST interneurons while selectively photostimulating local VIP interneurons using a Vip-cre mouse line in conjunction with Cre-dependent expression of ChR2 as described above (Fig. 3) . We limited the expression of ChR2 to just the VIP neurons in superficial layers (Supplementary Fig. 5 ).
We simultaneously recorded IPSCs from a fast-spiking interneuron and a nearby pyramidal neuron while photo-activating VIP interneurons in a Vip-cre B13 mouse. To isolate IPSCs, we used a cesium-based internal pipette solution under voltage-clamp mode while recording at the AMPA receptor reversal potential (0 mV). Photo-stimulation-evoked IPSCs in the pyramidal neuron were significantly larger than those 
.67 pA, P = 0.04, Mann-Whitney U test; Fig. 3b ). On average, the amplitude of IPSCs and the total inhibitory charge recorded from fast-spiking interneurons were about 35% and 85% less, respectively, than those in the simultaneously recorded pyramidal neurons (fast spiking to pyramidal ratio: amplitude = 0.66 ± 0.26, P = 0.02; charge = 0.16 ± 0.08, P < 0.001; Wilcoxon signed-rank test; Fig. 3d-f) .
We also recorded from pairs of SST interneurons and pyramidal neurons in Vip-cre GIN mice. In contrast with fast-spiking interneurons, photo-stimulation of VIP interneurons generated IPSCs more than fourfold larger in a SST interneuron than in the simultaneously recorded pyramidal neuron (pyramidal, 111.40 ± 6.11 pA; SST, 440.81 ± 6.96 pA; P < 0.001, Mann-Whitney U test; Fig. 3c) . As a population, VIP interneurons provided significantly larger inhibition to SST interneurons than to pyramidal neurons (SST to pyramidal ratio: amplitude = 5.06 ± 2.45, P = 0.01; charge = 6.44 ± 3.61, P = 0.01; Wilcoxon signed-rank test; Fig. 3d-f ). IPSCs were completely blocked by GABAzine (data not shown), indicating that photo-stimulation evoked GABA release from VIP interneurons. Latencies of photostimulation-evoked responses from these three groups of neurons did not differ (pyramidal, 2.44 ± 0.18 ms; fast-spiking, 2.38 ± 0.26 ms; SST, 2.12 ± 0.15 ms; P = 0.3, Kruskal-Wallis test; Supplementary Fig. 4b) .
These results indicate that, out of all of the excitatory and inhibitory elements in S1, VIP interneurons most strongly inhibit SST interneurons. The weakest connections of VIP interneurons were those with fast-spiking interneurons, the perisomatic targeting interneurons. The disynaptic feedforward inhibitory circuit created by the combination of the strong long-range vM1 excitatory inputs to VIP interneurons and the powerful local inhibitory connection of VIP interneurons with SST interneurons explains the pronounced delayed IPSCs recorded from SST interneurons in response to vM1 axon stimulation (Fig. 1e) . To directly examine this, we optogenitcally silenced VIP interneurons while monitoring inhibition in SST interneurons during photo-activation of vM1 axons (Fig. 4) . We accomplished this by using Vip-cre GIN mice to selectively express the light-sensitive chloride pump (NpHR-eYFP) in VIP interneurons while using the eGFP expression to selectively record from SST interneurons (Fig. 4a) . We also expressed ChR2-mCherry in vM1 to activate vM1 axons, as described above. Under these conditions, NpHR activation (590-nm photo-stimulation) strongly hyperpolarized NpHR-expressing VIP interneurons, whereas photo-stimulation (470 nm) of vM1 axons reliably depolarized and evoked spikes from VIP interneurons. When both NpHR and ChR2 were co-activated (590-nm and 470-nm photo-stimulation), NpHR activation sufficiently hyperpolarized VIP interneurons such that activation of vM1 inputs did not evoked spikes from the VIP interneurons (Fig. 4b) . When VIP interneurons were not inhibited, photo-stimulation (470 nm) of vM1 axons evoked small EPSCs, followed by prominent IPSCs, in SST interneurons, as described above (Fig. 1e) . Notably, optogenetic silencing of VIP interneurons strongly reduced the inhibitory current recorded from a SST interneuron during vM1 activation (470 nm + 590 nm, 0.27 ± 0.07 pC; 470 nm, 0.46 ± 0.06 pC; P = 0.005, MannWhitney U test; Fig. 4c ). On average, inactivation of VIP interneurons during vM1 activation reduced the inhibition of SST interneurons by about 50% (470 nm + 590 nm to 470 nm ratio, 0.53 ± 0.09, P = 0.008, Wilcoxon signed-rank test; Fig. 4d ). Together, these results provide direct evidence that excitatory inputs from vM1 recruit VIP interneurons and that these VIP interneurons in turn strongly inhibit SST interneurons, thereby establishing VIP interneuron-mediated disynaptic inhibition of SST interneurons during vM1 activation.
The activity of VIP interneurons increases during whisking
Our results indicate that S1-projecting vM1 pyramidal neurons strongly recruit VIP interneurons in S1 superficial layers and that VIP interneurons preferentially inhibit SST cells. These observations predict that the activity of VIP interneurons in S1 superficial layers will be increased and, conversely, that of SST interneurons will be decreased during voluntary whisking, that is, when the activity of vM1 is elevated 9,29-31 . 
r t I C l e S
To investigate this, we crossed Vip-cre mice with a tdTomato reporter line and a 5HT3aR eGFP mouse (Fig. 5) . This allowed us to visualize the 5HT3aR interneuron population and, more importantly, to distinguish VIP interneurons from non-VIP interneurons in the 5HT3aR interneuron population. We performed two-photon, targeted, loose-patch recordings from fluorescently labeled interneurons in S1 in awake behaving mice (Online Methods). Prior to in vivo recording, we habituated mice to the head-fixed condition under a microscope such that mice stayed quiet during the recording session, yet were fully awake and frequently showed whisking behavior 32 . Prior to the recordings, we mapped the barrel cortex with optical imaging of intrinsic signal induced by whisker stimulation. In parallel with recording spiking activity, we simultaneously recorded the electrocorticogram (ECoG) and whisker movement to monitor brain states and whisking behavior, respectively.
Under such recording conditions, we compared the firing rates during active whisking to those during awake non-whisking periods from the two different subtypes of 5HT3aR interneurons: VIP and non-VIP interneurons. An example VIP interneuron recorded at a depth of 240 µm from the pia showed more than a threefold increase in its firing rate during active whisking, as compared with awake non-whisking periods (from 2.39 ± 0.42 Hz to 6.77 ± 1.63 Hz; Fig. 5b ). In contrast with the VIP interneuron, a non-VIP interneuron (depth of 150 µm) recorded in the same mouse showed no changes in the firing rates between non-whisking and whisking periods (from 2.43 ± 0.45 Hz to 2.81 ± 0.52 Hz; Fig. 5c ). The strong correlation between whisking behavior and the increased activity of VIP interneurons was also evident in the population data (whisking to non-whisking ratio = 3.3 ± 1.23, P = 0.001, Wilcoxon signed-rank test; Fig. 5e,h,i) . Firing rates of non-VIP interneurons, however, did not differ in these two npg a r t I C l e S conditions (whisking to non-whisking ratio = 1.16 ± 0.28, P = 0.94, Wilcoxon signed-rank test; Fig. 5f ,h,i). Spontaneous activity computed during non-whisking was similar between VIP interneurons and non-VIP interneurons (4.62 ± 3.20 Hz versus 5.15 ± 2.22 Hz, respectively; P = 0.4, Mann-Whitney U test). Consistent with previous studies 13, 14, 32 , we also observed a correlation between whisking behavior and ECoG activity, with a predominant low-frequency component in the ECoG during non-whisking periods and the robust appearance of high-frequency ECoG during whisking (data not shown).
We also asked whether the activity of SST interneurons is inversely correlated with whisking behavior. We targeted SST interneurons using a Sst-cre mouse crossed with the tdTomato reporter line. A spontaneously active SST interneuron during non-whisking substantially decreased spiking activity once the mouse start to whisk (from 4.75 ± 0.97 Hz to 1.74 ± 0.34 Hz; Fig. 5d ). We found, on average, more than a fourfold decrease in the firing rates of SST interneurons during active whisking as compared with non-whisking periods (whisking to non-whisking ratio = 0.24 ± 0.06, P = 0.02, Wilcoxon signed-rank test; Fig. 5g-i) . This result is consistent with a previous finding that SST interneurons become hyperpolarized and exhibit reduced spiking activity during active whisking 14 . The differences in spiking behavior between VIP, non-VIP and SST interneurons did not depend on recording depth (Fig. 5j) .
Given that vM1 activity is elevated during active whisking, these results suggest that vM1 directly recruits VIP interneurons in S1 in awake mice and that these neurons inhibit SST interneurons. To test causality between vM1 activity and the changes in the firing rates of VIP interneurons and SST interneurons in S1 during whisking, we inactivated vM1 using local injections of the sodium channel blocker tetrodotoxin (TTX; Fig. 6a ). Spontaneously occurring, synchronized neuronal activity recorded from vM1 was completely abolished for several hours following TTX injections. Local field potentials (LFPs) recorded from S1, however, were not affected by TTX injection in vM1 (Fig. 6a) . Following vM1 inactivation, the strong correlation between increased firing rates of VIP interneurons and whisking behavior was significantly reduced, suggesting that direct excitatory inputs from vM1 are responsible for the increased activity of VIP interneurons (whisking to non-whisking ratio = 1.42 ± 0.03, P = 0.08, Wilcoxon signed-rank test; Fig. 6b,d,e) . Furthermore, we no longer observed the reduction of the activity of SST interneurons during whisking (whisking to non-whisking ratio = 0.98 ± 0.41, P = 0.2, Wilcoxon signed-rank test; Fig. 6c-e) .
In summary, our results demonstrate a causal relationship between vM1 activity and the enhanced spiking rate of VIP interneurons in S1 superficial layers during whisking. Moreover, we found that strong vM1 recruitment of VIP interneurons provides a powerful inhibition to SST interneurons, resulting in reduced spiking activity of these cells during whisking (Supplementary Fig. 7 ).
DISCUSSION
Here we characterized the synaptic targets of the axonal projections from vM1 in the mouse S1. We found that a specific subtype of GABAergic interneurons, the VIP-expressing irregular-spiking neurons, were the primary targets of vM1 projections. We also found that that SST-expressing interneurons were the main targets of VIP interneurons. Consistent with these findings, we observed that the in vivo activity of VIP interneurons in S1 was tightly correlated with voluntary whisking behavior when the overall activity of vM1 was elevated 9, [29] [30] [31] . Furthermore, we found that vM1 activity was required to produce the increased firing rate of VIP interneurons. These findings suggest an underlying circuit mechanism that can explain the observed hyperpolarization and silencing of SST interneurons during whisking (Fig. 5) 13, 14 . Consistent with this conclusion, inactivation of vM1 suppressed the silencing of SST interneurons during whisking. Together, our results describe a previously unknown disinhibitory circuit by which signals from motor cortex influence information processing in sensory cortex.
VIP neurons are a subtype of a family of interneurons that is characterized by the expression of 5HT3a receptors. Previously, we found that 5HT3aR interneurons account for ~30% of the GABAergic neurons in S1 and that, together with the interneurons expressing PV and SST, these can account for nearly all GABAergic neurons in the cortex 15, 16 . Notably, 5HT3aR interneurons are enriched in superficial or associative layers, where they represent the most abundant GABAergic interneuron population. However, the physiological function of this group of interneurons has largely remained unknown. One study reported that some non-fast-spiking GABAergic interneurons increased their activity during whisking 13 , but the interneuron subtype that these non-fast-spiking interneurons correspond to was not identified. Some of the observed non-fast-spiking npg a r t I C l e S GABArgic interneurons were presumably VIP interneurons, particularly those whose activity increases during whisking.
Superficial cortical layers are the main targets of interareal cortical communication. In primary sensory cortex they are the layers in which sensory information from layer 4, the thalamic recipient zone, is integrated with information from other columns and other cortical areas. Specifically, in S1 the densest projection of vM1 axons is found in L1 (refs. [2] [3] [4] [5] . The enrichment of 5HT3aR interneurons in superficial layers suggests that these interneurons may be important in mediating interareal cortical interactions and thereby contribute to context-dependent sensory processing. The finding that VIP interneurons are the main recipients in S1 of vM1 activity supports this hypothesis.
Although vM1 activity is necessary for increased activity of VIP interneurons, a trend in the same direction as that observed when vM1 was intact was still seen during M1 inactivation (Fig. 6) . It is therefore possible that other factors, such as changes in the levels of neuromodulators, contribute to the activity of VIP interneurons during whisking.
Previous models of the mechanism by which vM1 activity influences S1 function have usually implied that vM1 effects are mediated by direct connections between vM1 axons and pyramidal cells in S1 9, 10 . Our results suggest that interneurons are important and, specifically, that changes in the activity of S1 pyramidal cells depend on the feedforward inhibition of the SST interneurons by VIP interneurons 13, 14 . Given that SST interneurons primarily target the distal dendrites of pyramidal cells, our results suggest that a key effect of motor-sensory communication in S1 is the disinhibition of the distal dendrites of pyramidal cells. How does this disynaptic disinhibitory circuit mediate the effect of motor signals on the activity of S1? A hypothesis is suggested by recent findings on the effects of whisker movements on the activity of pyramidal cells in S1 together with what is known about the effects of SST interneurons on pyramidal cell activity. A recent study 10 found that the interaction between whisker sensory input and vM1 activity during the performance of an object localization task promotes large Ca 2+ regenerative responses in the apical tuft dendrites of pyramidal cells in S1. On the other hand, SST interneurons have been shown to control the generation of Ca 2+ regenerative activity in the distal dendrites of pyramidal cells [33] [34] [35] . Thus, the circuit unraveled in this study provides a mechanism to explain the generation of Ca 2+ regenerative potentials during active sensing via the vM1-mediated feedforward inhibition of the SST interneurons by VIP interneurons. Ca 2+ regenerative responses initiated in the distal dendrites of pyramidal neurons are known to promote burst spiking [33] [34] [35] [36] . Bursts are more reliably transmitted across synapses than single spikes 37 , and consistent with a role of SST in controlling burst spiking, it has been shown that silencing SST interneurons increases burst generation by pyramidal cells 14, 33, 35 . Thus, bursting might be the signal representing the coincident detection of sensory information and changes in whisker movements, which in turn could provide an amplification of certain sensory signals.
The axons of vM1 also branch in L5b/6 of S1. Increased vM1 activity enhances the activity of S1 L5b/6 pyramidal neurons 8, 38 , suggesting direct inputs from vM1. The disinhibitory circuit that we observed for L2/3 pyramidal neurons may also occur on the distal dendrites of L5b pyramidal neurons. How this modulation interacts with the actions of vM1 axons in L5b to control the activity of these neurons will need to be addressed in the future.
In addition to the projection from motor cortex, other cortical areas also project to S1. For example, the axons from the secondary somatosensory cortex (S2) reside for the most part in the same layers of S1 as the vM1 projections 2, 39 . Furthermore, subcortical areas, such as the intralaminar and midline thalamic nuclei and the posteriomedial thalamic nucleus, also preferentially target the superficial layers 11, [40] [41] [42] . Functionally, these nonspecific thalamic and higher order (association) nuclei are known to be involved in arousal and alertness 43, 44 and serve as an interface between sensory and motor function in the whisker-to-barrel system 7, 45, 46 (but see ref. 47) . A recent study found that neurogliaform cells, a subtype of non-VIP 5HT3aR interneurons, in prefrontal cortex are targets of inputs from midline thalamic nuclei 48 . Together with our results, these observations suggest that strong engagement of subtypes of 5HTaR interneurons might a general principle of circuit wiring in cortico-cortical and subcortical interactions.
Another recent study characterized the connectivity of two morphologically distinct subtypes of layer 1 interneurons 49 : L1 singlebouquet cells (SBCs) and elongated neurogliaform cells. SBCs partly resemble the VIP interneurons characterized here, as both have a descending intracolumnar axon. Moreover, it was reported 49 that SBCs preferentially form unidirectional inhibitory connections on all subtypes of L2/3 interneurons and can therefore produce disinhibition of L5 pyramidal neurons in the same column. This raises the question of whether VIP interneurons correspond to the SBC neurons described previously 49 . On the basis of the following observations, we believe that SBCs and VIP interneurons are not the same cell type and that the disinhibitory circuit we observed is therefore distinct from the one described previously 49 . Specifically, according to the previous study 49 , SBC interneurons are a prominent L1 interneuron. However, although the dendrites of VIP interneurons extended fully into layer 1 (Supplementary Fig. 5 ), VIP interneuron somas are rarely observed in this layer 15 . Furthermore, SBC cells and VIP interneurons appeared to have different output connectivity. According to the previous study 49 , SBC cells connect to all interneuron subtypes in L2/3 and not to pyramidal cells. Furthermore, that study 49 found that the connection probability between SBCs and SST interneurons was the lowest for all supragranular interneurons. However, we observed small connectivity to all neurons, including pyramidal cells, but substantially stronger connectivity specifically to SST interneurons.
It has been suggested that the large diversity of GABAergic interneurons contributes to the ability of cortical circuits to perform a broad range of complex computations 50 . Our results provide further evidence that different types of GABAergic interneurons interact to modulate cortical circuits during different contextual and behavioral states.
METHODS
Methods and any associated references are available in the online version of the paper. 
